In this paper, carbon fiber and Kevlar Ò fiber woven composites were investigated as potential cryogenic tank materials for storing liquid fuel in spacecraft or rocket. Towards that end, both carbon and Kevlar Ò fiber composites were manufactured and tested with and without cryogenic exposure. The focus was on the investigation of the influence of initial cryogenic exposure on the degradation of the composite. Tensile, flexural and inter laminar shear strength (ILSS) tests were conducted, which indicate that Kevlar Ò and carbon textile composites are potential candidates for use under cryogenic exposure.
Introduction
The field of composite materials has gained importance within the study of engineering in the recent years. Developments in material science and the study of novel materials have allowed engineers to consider the use of alternative and less traditional materials in their designs. Composite materials have been known for providing good strength to weight ratios, improved thermal and mechanical properties, and many other desirable aspects which are obtained through the combination of different constituent materials. Among myriad applications of composite materials like aircraft and naval structures, automobiles, medical devices, etc., their use in cryogenic fuel tanks could result in an increase in the efficiency of the system.
Cryogenic tanks are commonly used to store extremely low temperature fluids, like liquid oxygen (À183°C), liquid methane (À161°C) or liquid hydrogen (À252°C) in their condensed form in order to generate highly combustible liquids. This type of tank, generally composed of different layers of insulators and some type of metal liners [1, 2] , is exposed to an extremely cold temperature in its interior and to ambient temperature on its external surface. A large temperature gradient across the thickness of the wall often cause differential expansion and contraction across the tank walls, resulting in an uneven expansion or contraction of the material. If the stresses caused by this differential expansion exceed the strength of the material, cracks initiate and propagate in the direction of least resistance. In addition, if the boundaries of the material do not impede crack propagation, this will ultimately cause the tanks structure to fail, resulting in an undesirable leakage [3] that will consequently lead to the catastrophic fuel tank failure in the case of a rocket or spacecraft being launched into space.
National Aeronautics and Space Administration (NASA) recently (August 2014) completed a major space technology development milestone by successfully testing a large pressurized cryogenic propellant tank made of composite material [1] . The advancements made in the scope of composite materials have allowed for improvements in designs that were restrained in the past by a limited material selection. In the case of NASA, switching from metallic to composite construction has the potential to dramatically increase the performance capabilities of future space systems through a significant reduction in weight [1, 2, 4] . The applications and benefits that could be derived from further developing composite materials for cryogenic applications are countless. It would be of paramount interest to design better composite material systems, like textile composites that have superior structural [5] [6] [7] [8] [9] [10] and thermal properties compared to traditional laminates, as well as better draping compared to continuous fiber reinforced composites [8, 10] . Draping is the ability of woven textile fabric to conform to complex curved shapes, that is, regardless of the weave pattern, the fabric tows rotate freely to take the shape of the underlying structure [11] . Further, study by Potter [12] on the influence of stretching/draping of various reinforcements, like woven fabric (textiles), unidirectional and cross-ply layers on complex geometry has shown that the slippage capability between tows in woven fabric allows for more stretch/easy draping compared to others without applying undue force. Previous research regarding the use of composite materials as cryogenic tank materials mainly dealt with thermal cycling of unidirectional composites, and their damage behavior and permeability under fatigue-thermal loads [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Gong et al. [23] studied the mechanical properties of unidirectional E-glass fiber/epoxy and carbon fiber/epoxy laminates at cryogenic temperature and Disdier et al. [24] studied helium permeation on woven E-glass fabric composites. Verstraete et al. [25] investigated hydrogen fuel tank with foam core and multilayer insulations (MLI) along with aluminum tank wall and composite fairing. Aceves et al. [26] explored aluminum-lined, fiber wrapped cryogenic hydrogen storage tank at different temperature and pressure cycles. Shindo et al. [27] evaluated the interlaminar shear strength (ILSS) of G-10CR glass-cloth/epoxy laminates at room temperature, 77 K and 4 K temperatures and found a slight increase in ILSS with reduced temperature. Further, Kumar et al. [28] probed the influence of cryogenic conditioning of woven carbon/epoxy laminates and found a reduction in ILSS at high fiber volume fraction.
NASA's Composite Overwrapped Pressure Vessel (COPV refer to Fig. 1(a) ) is a well established cryogenic tank with metallic liner and continuous fiber/matrix system wrapped around it (refer to Fig. 1(b) ). The main purpose of liner in cryogenic tanks is to prevent or minimize the permeation of cryogenic liquid through the walls of the external structure as well as minimize thermal stresses. Embrittlement in metallic liners and significant mismatch in coefficient of thermal expansion between liner and tank structure pose issues of microcracking in liner and delamination between the two [29] . Therefore, if an unlined composite tank structure is designed efficiently to prevent possible microcracking while maintaining the overall structural integrity will result in lightweight cryogenic tanks. The overarching goal of the study conducted in this paper is to design cryogenic tanks without metallic liner or insulator, thus, further reducing the overall weight of the cryogenic tank while sustaining cryogenic temperatures and in-service mechanical loads. Towards that end, the feasibility of using textile composites was investigated in this paper. Textile composites have better drapability [8, 10] , which would potentially result in smaller (localized) regions of damage that might occur around bends and edges in a pressure vessel (refer to Fig. 1(c) ).
Designing unlined cryogenic composite tank materials is extremely challenging. The extreme temperature on the walls could result in damage in the material, thereby, reducing the safety and reliability of the tank. Failure modes, like delamination, transverse cracking, micro-buckling, etc. within fiber reinforced laminates caused by the exposure to cryogenic temperatures may result in undesirable leakage and catastrophic failure [30] . That is, mismatch in the coefficient of thermal expansion between the layers and the interlaminar matrix region may initiate delamination between the layers. Further, the inter-tow matrix regions may experience stress concentration due to mechanical and thermal property mismatch, causing transverse micro-cracking within the layers of the composite. Therefore, it is extremely important to investigate the failure and damage behavior of such composites subjected to cryogenic temperatures. Therefore, the focus of this paper is to explore the possibility of using textile composites for constructing cryogenic fuel tanks by unveiling their response to cryogenic exposure.
The influence of cryogenic exposure on the stiffness and strength of woven carbon and Kevlar Ò fiber reinforced composites each are experimentally investigated as potential materials for constructing unlined cryogenic tanks. The paper is divided into the following sections: Experimental procedure that includes the details on the manufacturing process, cryogenic exposure and mechanical testing methodology; Discussion of results from the mechanical tests; Pictographic analysis of the material post cryogenic exposure and mechanical testing, followed by conclusions.
Experimental procedure

Material system
Dry fabrics of woven (plain weave) carbon fiber and Kevlar Ò fiber tows were used as reinforcement with Epon 862/Epikure 9553 hardener as matrix material. The carbon and Kevlar Ò fabric were purchased from fibreglast.com and their properties are given in Table 1 . The hardener was mixed with the resin at a ratio (weight) of 16.9:100 as recommended by the manufacturer. 
Manufacturing process: vacuum assisted resin transfer molding
Vacuum Assisted Resin Transfer Molding (VARTM) process is an advanced fabrication process for polymer-matrix textile composite structures. It is very cost effective to produce large scale composites while maintaining the quality of the final composite [7, [31] [32] [33] [34] . Fig. 2 provides an overview of the VARTM process. Dry fabric was first placed between two metal plates along with nylon release peel ply, flow media and breathers (refer to Fig. 2(a) ). Since, woven fabric was used, there is no ply orientation associated with it. However, the layers were arranged such that the direction of tows in different layers were parallel to each other. The complete mold ( Fig. 2(b) ) was then enclosed in a vacuum bag and the preform was impregnated with resin through an inlet port and transferred into the preform by a pressure gradient induced by a vacuum pressure. The dry fabric preform were debulked under vacuum prior to resin infusion, and the resin was allowed to settle down until most bubbles were at the top of the mixing bowl. After infusing the resin, the mold was placed inside an oven for curing [7, 32, 35] . For the current material system, the resin was cured at room temperature for 24 h. The manufactured laminate was transversely isotropic and the approximate fiber weight fraction for carbon and Kevlar Ò fiber was 37% and 43%, respectively. In the current study, the main objective was to explore the feasibility of these composites to sustain cryogenic temperatures overall. A future work will investigate the effect of temperature gradient through the thickness of the tank wall.
Exposure to cryogenic environment
The composite specimens were exposed to cryogenic environment by submerging them in a container (Fig. 3(a) ) filled with liquid nitrogen (LN 2 ) at a temperature of À196°C (77 K). Although, the actual fuel to be stored in the tank might be liquid methane or oxygen, nitrogen was used because it is easier to handle and possesses temperature similar to the others in its liquid state. The test specimens were exposed to LN 2 for 6 h, which is approximately twice the time taken to fill up a X-33 liquid hydrogen tank [36, 37] . The specimens were then subjected to tensile and flexural loading after allowing them to return to room temperature upon removal from the cryogenic container. It is hypothesized that the initial exposure to cryogenic environment would have an adverse effect on the stiffness and/or strength of the composite. That is, the matrix tends to deform (shrink and harden) after cryogenic conditioning, but, is resisted by the stiff fibers causing residual stresses at the fiber/matrix interface resulting in transverse cracks and debonds.
Tensile tests
Tensile tests on the two types of composites (carbon and Kevlar Ò reinforced) were conducted. A total of 16 samples (8 of each material type) were prepared for the tensile tests according to ASTM D3039 standard [38] . Tensile test specimens were cut parallel to the tow direction with the following dimensions: length 250 mm Â width 25 mm Â thickness 1.2 mm. During the test, specimens were loaded in the Instron 8801 Servohydraulic Fatigue Testing System (Fig. 3(b) ) at a loading rate of 2 mm/min until failure. The load-displacement responses were determined for each case, and the corresponding tensile stress-strain responses were calculated using the area of cross-section and the gauge length (25 mm) of the extensometer (Instron 2620-601). Four specimens each of carbon and Kevlar Ò materials were tested as pristine and the other four were exposed to liquid nitrogen for 6 h and then tested.
Flexural test
Three-point bending tests were carried out on both carbon and Kevlar Ò composite specimen to determine the flexural properties of the composites. A total of 8 specimens (4 pristine and 4 cryogenic exposed) were tested for both carbon and Kevlar Ò fiber composites each according to ASTM D7264 standard [39] . Specimens were cut parallel to the tow direction and dimensions were: length 150 mm Â width 13 mm Â thickness for carbon composite was 3.3 mm and for Kevlar Ò composite was 4.33 mm. Three point bending tests were also carried out on the same Instron 8801 machine at a loading rate of 1 mm/min. A constant span length to width ratio of 32:1 maintained for both types of composites that resulted in a span length of 105 mm and 138 mm for carbon and Kevlar Ò , respectively. The total length of the specimen for Kevlar Ò fiber was less than the specified value in ASTM D7264. In order to calculate the flexural chord modulus of elasticity, strain range from 0.001 to 0.003 was selected from the stress-strain diagram as recommended in ASTM D7264 [39] .
Short beam shear test
Short beam shear (SBS) tests were conducted next to measure the interlaminar shear strength (ILSS) of the composite. The total number of specimens tested were the same as mentioned in Sections 2.4 and 2.5. The specimens were prepared according to ASTM D2344 standard [40] with specimen dimensions of length 40 mm x width 12.36 mm Â thickness 5.87 mm for carbon fiber and length 40 mm Â width 12.81 mm Â thickness 6.35 mm for Kevlar Ò fiber.
SBS tests were also carried out on the same Instron 8801 machine with a loading rate of 1.0 mm/min.
Results and discussion
Woven composites with carbon and Kevlar Ò fiber tows as stiffeners were investigated in this paper in order to understand their respective mechanical behaviors upon cryogenic exposure for 6 h as mentioned in Section 2.3. Results from the different experimental investigations mentioned above are discussed in this section. It should be noted that, tensile properties are fiber dominated, which implies that influence of degradation of matrix on tensile properties are not as evident as that on flexural properties. Flexural properties are matrix dominated, which means that the shear loading induced in the matrix in the compression region during flexural deformation of the composite acts as a catalysis for microbuckling type failure in the fiber tows and splitting/delamination type failure along the load direction [41, 42] . Therefore, matrix degradation manifests itself at the composite scale by reducing the flexural properties of a composite more compared to tensile properties. That is, due to the fiber dominated nature of tensile loading, minimal property loss would be expected from any delamination damage. Flexural and ILSS testing is much more sensitive to delamination damage that would typically result in a slight to moderate reduction in modulus and moderate to severe reduction in flexural strength.
Tension test results
As stated in Section 2.4, tension tests were conducted to determine and compare the material responses with and without cryogenic exposure. Fig. 4 displays the tensile chord modulus and tensile strength of both carbon and Kevlar Ò composites in both pristine and cryogenic conditions. It was observed that the cryogenic exposure does not have significant influence on the tensile chord modulus and ultimate tensile strength for both carbon and Kevlar Ò laminates which is summarized in Table 2 . It was observed that the tensile chord modulus remains unaltered while the tensile strength reduced by 2.6% (refer to Table 2 ) for carbon composite after cryogenic exposure. Whereas, the initial stiffness reduced by 4.5% while the tensile strength reduced by only 1.7% for Kevlar Ò composite.
Flexural test results
Flexural response of the two types of composites upon exposure to cryogenic conditions is compared to pristine material response. Fig. 5 shows the flexural chord modulus and flexural strength of Table 3 summarizes the results from the flexural tests. The flexural chord modulus and strength reduced by 3.7% and 3.5%, respectively for carbon composite. Whereas, for Kevlar Ò composite, the flexural chord modulus and strength reduced by 1.2% and 1.9%, respectively.
SBS test results
SBS tests were conducted to determine the ILSS of the composites. Fig. 6 shows the ILSS of both types of composites, where the ILSS values for carbon fiber composites do not change significantly after cryogenic exposure, while it reduced by 16.8% for Kevlar Ò fiber composites. 
Pictographic analysis
Further analysis of the samples exposed to cryogenic conditions followed by mechanical loading was conducted to explore the corresponding failure mechanisms. Carbon and Kevlar Ò composite samples (pristine and exposed) were analyzed using Scanning Electron Microscope (SEM). Figs. 7 and 8 show the SEM (12 kV potential and same condition was used to take all the images) images of surfaces of carbon and Kevlar Ò composites of pristine and cryogenic exposed samples. Evidently, there were no growth or propagation of cracks in either case. There was hardly any surface matrix degradation observed and hence the figures look almost the same. Also, their failure modes were similar. The reduction in mechanical properties was negligible under tensile loading and within 4% under flexural loading as discussed in Sections 3.1 and 3.2. Microscopic analysis of the polished cross-section of the failed specimens from the flexural tests was conducted. Fig. 9 (a) (pristine) and Fig. 9 (b) (cryogenic exposed) show the optical microscope images of failed carbon specimen after 3-point bending test. It is observed that failure patterns are similar in both the specimens that failed due to the formation of kink band under the loading point (region A on Fig. 11 ) which is accompanied by fiber breakage of brittle carbon fiber tows. In the case of Kevlar Ò composite ( Fig. 10) , the specimens failed due to the formation of shear band with rotated Kevlar Ò fiber tows under the load point of the specimen (region A on Fig. 11 ). The failure patterns remain unaltered in the pristine and cryogenic exposed specimen.
Conclusions
Woven fiber reinforced (carbon and Kevlar Ò ) composite materials exposed to cryogenic environment were investigated in this paper with the objective of using them in cryogenic propellant tanks. Tensile and flexural experiments were followed to determine the thermo-mechanical responses of Kevlar Ò and carbon composites. This preliminary study indicated that woven thermosetting composites could have a potential use in cryogenic tanks. Further research is required to examine if any failure mechanisms, like delamination effects, occur due to hoop and corner strains caused by expansion and contraction when a constrained tank is subjected to cryogenic environment. Smart design of these composites would allow for lighter, stiffer, tougher and damage resistant propellant tanks. However, there are other aspects like extended and gradient exposure to cryogenic conditions that need to be studied before a definite conclusion can be reached. 
